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A~STRACT  Squid giant axons, internally and  externally perfused with solu- 
tions  having  potassium  as  the  only cation,  exhibit  an  approximately  linear 
steady-state current-voltage relation. When small amounts of calcium and mag- 
nesium are present in the external potassium solution, the current-voltage curve 
is markedly nonlinear, exhibiting the rectification and negative resistance which 
have been observed for intact axons in isosmotic potassium solutions. The effects 
of perfusion and removal of external divalent cations are interpreted in terms of 
two components of current,  a  linear component and a  nonlinear time-varying 
component. The former is increased and the latter diminished by the removal of 
the external divalent cations. 
INTRODUCTION 
Squid  giant axons bathed  in solutions having  high potassium concentration 
exhibit a  negative resistance  steady-state current-voltage  curve  (1,  2)  which 
gives rise to an anodal jump phenomenon  (3).  Such steady-state negative re- 
sistance characteristics have been observed in a number of other preparations 
(4-8).  In contrast to the negative resistance seen for intact axons of the North 
Atlantic squid, Loligo pealii,  a  linear steady-state current-voltage relation has 
been found for internally perfused axons of the Chilean  squid, Docidicus gigas 
(9). In both these experiments the axons were bathed in Ca++- and Mg++-free 
KC1 solutions,  and aside from possible species variations,  the only difference 
in experimental  conditions was the perfusion.  This suggests that the internal 
perfusion removes or alters some constituent of the axoplasm necessary for the 
negative resistance.  Such a result means that the negative resistance is not an 
intrinsic  property of the  axon  membrane,  independent  of the environment. 
In  order  to  verify this  conclusion,  we measured  voltage-clamp  currents  for 
perfused axons of Loligo pealii. This was done to eliminate the possibility that 
the  difference  in  current-voltage  curves  is  merely  due  to  the  difference  in 
species. 
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The seeming effect of perfusion in  changing  the nonlinear current-voltage 
curve into one which is essentially linear is analogous to the change in rectifica- 
tion of intact axons in  artificial seawater  caused  by changes in  external cal- 
cium concentration  (10).  Numerous other effects of calcium on the electrical 
properties of axons have also  been studied  (11).  One purpose of our experi- 
ment was  to determine whether  the nonlinearities  can  be restored  to  a  per- 
fused axon by the addition  of external calcium.  In  addition,  we studied  the 
transient  approach  to  the  steady state,  in  order to  compare  the  currents  in 
isosmotic potassium with those observed for intact squid axons. 
Fmums  1.  Schematic diagram of the voltage-clamp perfusion  apparatus. 
METHODS 
Experiments were performed on giant axons of the squid Loligo pealii.  Tied off lengths 
of axon, about 5  cm, were dissected from the mantles of freshly killed squid  under 
flowing seawater. The axons were then cleaned of surrounding tissue, but a  layer of 
fibrous tissue  about 50/~ thick was  always left. This layer was found necessary for 
maintaining  the mechanical strength of the preparation  during  the perfusion.  The 
main purpose of the cleaning was to render the axon transparent so that the internal 
electrodes and  perfusion pipettes could be seen. Axon diameters varied from 400 to 
500 ~. 
The axon chambers and various cannulae were essentially scaled-down counterparts 
of the apparatus used by Rojas and Ehrenstein (9), for voltage-clamp experiments on 
the larger perfused axons (700-1000/~) of the Chilean squid, Docidicusgigas.  The place- 
ment of the perfusion pipettes and the electrodes is indicated schematically in Fig.  1. 
Axons were mounted horizontally in the chamber and bathed in cold flowing external 
solutions. The external solutions used were: artificial seawater  (430 mM Na  +,  I0 mM 
K +,  10 mM Ca  ++, 50 m~ Mg  ++, 560 mM CI-, and 5 rnM tris (hydroxymethyl) amino- 
methane (Tris), used to buffer the solution to a pH of 7.4 4- 0.1), high potassium solu- H,  LV.CAR ET AL.  Removal of Potassium Negative Resistance in Squid Axons  15  ° i 
tion  (500 m~ KC1 or KF, and Tris at pH 7.4), and high potassium solution with re- 
stored divalent cations  (440  mg K +,  10 mg  Ca  ++,  50 m~ Mg  ++,  560  m~ CI-,  and 
Tris at pH 7.4). 
The perfusion technique was based on the method  of Tasaki and coworkers  (12- 
14).  It consists of two steps, first sucking out the axoplasm through a  300 ~ diameter 
pipette inserted into a cut in one end of the axon, and then introducing the perfusion 
fluid from the other end of the axon through a  150 ~ pipette inserted into another cut. 
Both pipettes are mounted on micromanipulators, and are manipulated so that after 
some axoplasm has been sucked out, the smaller pipette is moved coaxially down the 
axon and into the suction pipette, which is now used as a  solution outlet.  While the 
perfusion fluid is flowing and washing out some residual  axoplasm, the two pipettes 
are separated, leaving a  perfused region about  15 mm in length. 
The voltage-clamp technique  and  the  necessary feedback circuits  have been  de- 
scribed by Moore and Cole (15). The voltage drop across the membrane is maintained 
by an electronic feedback circuit which compares the measured membrane voltage, 
V,,,  to a  command voltage,  Vc. The difference,  V~  --  V,,,  is fed to an operational 
amplifier used to supply current radially along a  length of the perfused region. The 
currents needed to maintain a given step potential are recorded as a function of time. 
The axial electrode shown in Fig.  1 is a  combination current-supplying and  volt- 
age-measuring electrode,  and  is  a  modification  by Binstock  of the  coaxial  voltage- 
clamp electrodes developed by Armstrong and Binstock  (16). The combination elec- 
trode consists of a glass capillary 100 t~ in diameter which is coated on the outside with 
silver print, over which silver is deposited electrolytically, and then plated with plati- 
num black. This platinum electrode is the current-supplying electrode, which sends 
radial currents to the platinum cell electrodes. The current is measured through the 
central cell electrode; the outer cell electrodes are grounded  and  serve as guards  to 
minimize fringe effects in the measuring region. 
The combination electrode has a hole, 25 # in diameter, 7.5 mm from its end. This 
is the voltage-measuring point  of the  point-control voltage-clamp system. The elec- 
trode is filled with 0.5 u  KC1.  It has a  thin platinum wire in the  100 ~ region for re- 
ducing high frequency impedance and a Ag-AgC1 wire in the shank. The membrane 
voltage,  V,,,  is  measured  between  this  electrode  and  an  external  reference pipette 
filled with agars0.5 u  KC1 and having a Ag-AgC1 reference. 
The combination electrode is convenient for voltage-clamp perfusion experiments 
on  small  axons.  It eliminates  the  need  for  two  separate  internal  electrodes,  which 
would be difficult to fit into axons less than 500 ~ in diameter. Unfortunately, voltage- 
clamp currents measured with this system tend to show a  marked decay at times of 
the order of 10-100 msec. The probable cause for this decay is that polarization cur- 
rents  near the control  point cause the membrane voltage to drift slowly to a  value 
lower than the command voltage. This effect is similar to what would happen if the 
control point and the current electrode were coupled electrically. The current records 
are similar to those obtained in the first voltage-clamp experiments (17), in which the 
current electrode itself was used as the voltage electrode. 
To ascertain that the decay was in fact a  result of the method of voltage control, 
we did experiments on unperfused  axons in which the coaxial electrode was used in 
conjunction  with  a  microtip,  and  the  axon was clamped alternately using one type I502  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  50  •  ~967 
of control or the other.  The experiments  showed that the current records were iden- 
tical except for the slow falloff. 
The polarization artifact described above can cause uncertainty in the value of the 
steady-state current,  and consequently must be corrected for. It was noticed that the 
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Fxou~  2.  Composite photograph of oscilloscope traces of membrane currents for de- 
polarizing  (+)  and hyperpolarizing  (-)  steps; internal solution 500 n~  KF, external 
solution 500 mM KCI, temperature  12.5°C.  The small turn-on transient is seen in the 
early part of the V =  +  140 my record. Axon 65B30. 
polarizing electrode produces an undershoot of current at the end of the clamp pulse 
(Fig.  2).  This  undershoot  occurs because  the membrane  voltage does  not return  to 
zero when the pulse is shut off, but instead switches back to a voltage displaced by the 
electrode  polarization.  From the measured  instantaneous  current-voltage curve,  the 
voltage corresponding to a  particular current undershoot was determined.  This volt- 
age was then  subtracted  from the nominal  command voltage to determine  the cor- 
rected voltage corresponding to the end point on the record. Experimental instantane- H.  Lv.oAR E'r AL.  Removal  of Potassium Negative Resistance in Squid Axons  z 503 
ous current-voltage curves  used for this correction are shown  in  Fig.  5,  where  they 
are seen to be linear in the voltage range  --100 mv to  Jr I00 my. Fig. 3  shows both 
the corrected  and  uncorrected  steady-state current-voltage curves for  one  axon.  In 
this case, the correction is not very large. In the worst case, the correction was about 
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tiation of the voltage step. Filled squares, external ASW, end of experiment, uncorrected 
data after 12.5 msec. Open circles, external 500 mM KC1, uncorrected data, after 12.5 
msec. Filled triangles, external 500  rnM  KC1,  uncorrected data,  after 36  reset.  Filled 
circles, external 500 mM KC1, corrected for electrode polarization, after 45 msec. Volt- 
ages are given relative to the resting potential in external KC1. Axon 65B30.  Vre,t  = 
Jr- 15 inv. Temperature,  12.5°C. 
1.5 times as great, but in no case did the correction change the qualitative appearance 
of the curve.  Corrected steady-state current-voltage curves for a  number of axons are 
shown in Fig. 4. 
Membrane potential values shown in this paper are taken relative to the measured 
resting potential of the axon in isosmotic potassium.  Generally the resting potential 
was within a  few millivolts of zero (the potassium equilibrium potential). There was 
no obvious correlation between  small departures from zero and  the anion composi- 
tion,  but  resting  potentials  were  not  studied  systematically.  In  Figs.  3,  8,  and  10 15o  4  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  5 °  •  Z967 
where curves for two different external potassium concentrations are shown, the zero 
of potential is the resting potential in isosmotic potassium and the origin of the ASW 
curves is shifted by appropriate amounts. 
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Dashed curve shows the corresponding current-voltage curve for an intact axon in ex- 
ternal isosmotic KC1, taken from the data of Gilbert and Ehrenstein (18). 
RESULTS 
A  typical experiment consists of a  voltage-clamp control run  on  an  axon  in- 
ternaUy perfused  with  500  mu  KF  and  externally bathed  in  cooled,  flowing 
artificial seawater (ASW), a voltage-clamp run with a high potassium external 
solution,  and  finally another control in external ASW.  The control runs give 
the well known response expected for intact axons in ASW with no significant 
changes  caused  by  the  internal  perfusion.  Fig.  2  shows  a  set  of  cur- 
rent  responses  to  various voltage-clamp step  voltages with  an  external  solu- 
tion containing  500 mM KC1.  The records show a  fast initial surge  of current 
followed  by a  transient  rise or  fall to  the  steady-state  value.  In  most of the H.  LECAR  ET  AL.  Removal of Potassium Negative Resistance in Squid Axons  r 505 
records the "steady-state" current does not persist, but decays with a relatively 
long  time  constant.  This  decay  was  shown  to  be  an  artifact  of the  coaxial 
electrode system and must be corrected for in the manner we have described 
in order to obtain  accurate steady-state values. 
The current measured 200/zsec after the voltage-clamp pulse is turned on is 
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called the initial current.  This time is shorter than any of the relevant mem- 
brane transients, but longer than the capacitative time constant of the voltage- 
clamp system. Initial current as a  function of membrane potential is shown in 
Fig.  5  for  several  axons.  The  average  initial  conductance  is  approximately 
14 mmho/cm ~. 
After the initial burst of current, there is a  transient decay or rise to a  steady 
state  with  a  time constant  of a  few milliseconds.  Both uncorrected  and  cor- 
rected  steady-state  current-voltage curves for one axon  are  shown  in  Fig.  3. 
The currents for a  comparison run in ASW are also shown and have the typi- I 
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cal ASW steady-state shape.  Fig. 4  shows the corrected steady-state current- 
voltage curves for several axons. The typical curve is seen to be approximately 
linear  but with  a  slight  rectification  and  a  discernable  bump  or  transition 
region centered about  V ~  -50  my. This pattern is characteristic  of all the 
axons measured although the extent of the rectification and the relative height 
of the bump vary somewhat from axon to axon.  Fig. 4  shows axons covering 
the extreme range of this effect. 
Fig. 6 demonstrates the influence on the shape of the current-voltage curve 
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FxGU~ 6.  Effect of external calcium-magnesium  on steady-state current-voltage curve 
of a perfused axon. Open circles, external solution: 500 mM KC1. Filled  circles, external 
solution: 440 rnM KC1  +  10 mM CaC12 +  50 rnM MgC12.  (a)  Effect of calcium-mag- 
nesium restoration. Initial run in external KC1. Axon 65]327. (b) Effect of calcium-mag- 
nesium removal. Initial run in KC1 with CaCI~ and MgCI2. Axon 65]336. 
of 10 rnM Ca++ plus 50 mM Mg  ++ added externally.  Fig.  6 a  shows that this 
addition  increases the rectification  markedly for a  perfused axon which had 
previously shown a  linear  current-voltage  curve.  Fig.  6  b shows the effect of 
removal of the calcium-magnesium mixture,  a  nonlinear  (rectifying, negative 
resistance)  curve is transformed into a  linear characteristic.  Thus the effect of 
adding or removing these divalent cations is at least partly reversible. 
The effects of the external anions used are indicated in Fig. 4, where it can 
be seen that the current-voltage curves are virtually unaltered by the replace- 
ment of external chloride solutions with equivalent fluoride solutions. A single 
experiment was performed to test the effect of internal sodium ions (perfusing 
solution : 450 rnM KF, 50 rn~ NaF) ; the current-voltage curve, not shown here, 
was typical of the nearly linear family of Fig. 4, showing that the restoration H.  LECAR  ET  AL.  Removal  of Potassium Negative Resistance in Squid Axons  t5o7 
of internal Na + has little or no influence on the shape of the current-voltage 
curve. 
Small residual nonlinearities are seen for most of the perfused axons.  The 
limiting currents for both large depolarizing and large hyperpolarizing volt- 
ages are linear. These facts suggest that the currents may be decomposed into 
two  components,  a  linear component and a  component with a  voltage-de- 
pendent conductance which varies sharply in the region between about  -40 
and  -60  inv. 
Thus, the steady-state current may be represented by the formula 
I  =  [go --k g,f(V)]V  ( 1 ) 
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FIGURE  7.  Separation of experimental steady-state current into two components;  T  = 
total current, L  =  linear component, and N  =  nonlinear component. Axon 65B30. 
where go is the limiting slope of the current in  the extreme hyperpolarizing 
region, g, is the slope of the additional current in excess ofgoV in the extreme 
depolarizing region  (i.e.,  the sum, go  "k gt,  is equal to the asymptotic slope 
for large positive voltages), and  V is the membrane voltage. The separation 
into two components of current is shown in Fig.  7.  Each value of the non- 
linear component of current shown in Fig.  7 is divided by the corresponding 
voltage  in  order  to  obtain  a  steady-state  voltage-dependent conductance. 
This conductance, divided by gl, is the functionf(V), and is plotted in Fig. 8 
as  a  function of membrane voltage.  Here f(V)  is  a  dimensionless function 
describing the transition region and ranging from 0 to 1. Values of go, gl, the 
rectification ratio,  and  V~/~,  the value of voltage for which f(V)  =  1/~, are 
presented in Table I. 
Another characteristic parameter that  can  be determined from these ex- 
periments is the rate constant for the approach to steady state.  Fig.  2  shows I508  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  5 °  "  1967 
that for hyperpolarizing voltages there is a clear decrease in membrane current 
from the initial value.  For depolarizing pulses,  the current records are rela- 
tively flat,  but for higher voltages they show a  small increase in  membrane 
current at early times. The rising transients in these records are too small to be 
measured accurately, and the following analysis is limited to the hyperpolariz- 
ing transients. 
Fig.  9 shows the transient decay on a  semilogarithmic plot for some of the 
voltage-clamp records.  It  can be  seen that the transients  are fit reasonably 
well by single exponentials, and that the rate constants are voltage-dependent. 
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Fig.  10 shows the rate constant plotted as a  function of voltage.  The errors 
shown  are primarily caused  by the  polarization  artifact,  which makes  the 
choice of asymptote for this log plot somewhat ambiguous. 
DISCUSSION 
Fig.  4  shows  a  striking  difference between  the steady-state current-voltage 
curve for perfused and unperfused axons of Loligo pealii in isosmotic potassium 
solution.  The curves are approximately linear for perfused axons,  but have 
pronounced negative resistance regions for unperfused axons (1,  2). 
Internal perfusion with 500 mM KF does not significantly alter the internal 
potassium concentration, but the perfusion fluid does wash out other constitu- 
ents of axoplasm, other ions, neuroproteins, mitochondria, etc. Thus, we con- H.  LECAR  ET  AL.  Removal  of Potassium Negative Resistance in Squid Axons  1509 
clude that,  in  the  absence of external  divalent  cations,  at  least one of these 
axoplasm  constituents is necessary for the potassium voltage-dependent  con- 
ductance. 
The linear  character  of the steady-state current-voltage  curve for the per- 
fused axon  has  already been demonstrated  by Rojas and  Ehrenstein  (9)  for 
TABLE  I 
STEADY-STATE CONDUCTANCE 
Rectification  ASW$ leakage 
Axon  External solution*  go  gl  ratio (go"~-  gl)  /go  Vl ls  g L 
mmho/amt  mmho/cmt  rnv  mmho/cm~ 
Perfused axons, no external calcium 
A.  B36  0.5  M KC1  15.5  0.3  1.0  --  5.1 
B.  B27  0.5  M KCI  9.9  2.8  1.3  --66  9.3 
C.  B32  0.5  M KF  6.8  2.5  1.4  --  7.6 
D.  B30  0.5  M KF  9.0  1.3  1.2  --57  10.4 
E.  B30  0.5  M KC1  6.1  1.2  1.2  --61  6.3 
F.  B34  0.5  M KCI§  7.3  2.2  1.3  --  -- 
G.  BI6  0.5  M KC1H  6.0  3.0  1.5  --  -- 
H.  BI6  0.5  M KFll  6.0  3.0  1.6  --  -- 
Perfused axons, calcium added externally 
I.  B27  0.44 M KCl  4.6  5.5  2.2  --37  9.3 
0.01  M CaCI~ 
0.05  M MgCI2 
j.  B36  0.44 M KC1  1.8  6.4  4.6  --48  2.4 
0.01  M CaCI~ 
0.05  M MgCl2 
Unper  fused axons 
K.  0.5  rt KCI¶  4.2  9.5  3.3  --68  5.0 
L.  0.44 M KCI¶  1.7  9.4  6.7  --54  2.0 
0.01  M CaCI2¶ 
0.05 M MgC12 
*  Internal solution of perfused axons is 0.5  M KF. 
~: In each case the ASW leakage values refer to the control run after an isosmotic potassium run, 
except for line J  where the ASW value was measured before the isosmotic run. 
§ Internal solution, 0.45  M KF,  0.05 M NaF,  uncorrected data. 
[l Cysteine added to internal solution, uncorrected data. 
¶  Data of Gilbert and Ehrenstein  (18). 
axons of the  Chilean  squid,  Dosidicus gigas.  However, the absence of data on 
unperfused  axons  of this  species in  isosmotic potassium  led these  authors  to 
mention the possibility that the difference in current-voltage curves might be 
caused by a  species difference rather  than  by the perfusion.  The present ex- 
periment shows that the change in shape is indeed a result of the perfusion. 
Fig.  6  b  shows that,  with  10 mM  Ca ++ and  50  rnM  Mg  ++ in  the external 
solution,  the  steady-state  current-voltage  curve  for  a  perfused  axon  has  a 2.0 
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negative resistance region. This curve is similar to the corresponding current- 
voltage curve for an  unperfused  axon  in  isosmotic potassium  (2).  However, 
unperfused axons show no substantial change in the shape of their steady-state 
current-voltage  curves when the external  Ca ++ concentration  is varied  (18). 
The  curve for the unperfused  axon  retains  its negative-resistance,  rectifying 
shape even with no external calcium.  The shape of the steady-state current- 
voltage curve for a  Loligo pealii axon in external  isosmotic potassium can  be 
described as follows :-- 
Perfusion  No perfudon 
External Ca  ++, Mg  ++  Negative resistance  Negative resistance 
No external Ca  ++, Mg  ++  Linear  Negative resistance 
This tabulation shows that the negative resistance is not an intrinsic property 
of the  membrane  alone.  In  order  to eliminate  the  negative  resistance,  it  is 
necessary to eliminate calcium and/or magnesium from the outside and some 
substance from the inside. 
In the above tabulation, the designation "linear" is imprecise. Although all 
the curves for these conditions are far more linear than for the other conditions 
listed in the tabulation,  there is a  range of shapes. As shown in Fig. 4,  some 
of the  current-voltage  curves are  completely linear,  but some exhibit slight 
rectification  and  noticeable  bumps  on  the  hyperpolarizing  side.  The  same 
kind of variability was reported in reference 9.  Since some of the axons ex- 
hibited complete linearity, it is likely that the residual nonlinearities are due to 
incomplete peffusion. In any event, these small bumps are in the same voltage 
range as the negative resistance regions for the other cases in the above tabu- 
lation, and it is reasonable to suppose that they all represent the same process. 
We next inquire what this process is. 
In Fig. 7, the current has been separated into two components, one of which 
is linear  with conductance go.  The remaining  component exhibits the same 
sort  of voltage-dependent  conductance  as  is seen  for  the  potassium  current 
of an axon in ASW. The ionic currents of an axon in ASW are described by 
the Hodgkin-Huxley equations  (19). The relevant solution of these equations 
for the potassium current at a  time t after the onset of a  voltage-clamp step 
voltage is: 
IK  =  gK(Vx --  VK)[n(Vo)  exp [-t/r,(V1)] 
-b n(Vx)(1  -- exp [--t/r,(Vt)]] 4 
(2) 
where gK is a constant with the dimensions of conductance, 
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V1 is the voltage across the membrane during the voltage-clamp step, 
Vx is the potassium equilibrium potential given by the Nernst relation, 
n(V)  and  r,(V)  are empirical  functions of voltage which describe the 
voltage-dependent  conductance  and  voltage-dependent  transient 
time constant respectively. 
The steady-state current  (t  --~  o~  in equation  2) is 
I~  = gK(V1 --  VK)n4(Vx).  (~) 
The function n4(V) as determined  from the theory of Hodgkin and  Huxley is 
plotted as the dashed curve in Fig. 8.  It is similar in shape to the normalized 
curve f(V)  describing the nonlinear  process in isosmotic potassium,  although 
the two curves are displaced from each other by about 30 my.  This suggests 
that the nonlinear process is the same as the n(V) process in ASW. 
A  further  check on  whether  the voltage-dependent  component of current 
is similar to that described by Hodgldn and Huxley was made by comparing 
the rate constants to reach steady-state as a function of voltage. Fig.  10 shows 
rate constant as a  function of voltage  for  an  axon  which  has  a  polarization 
artifact  sufficiently small in  amplitude  and  long  in  duration  to  allow fairly 
accurate determination  of the true rate constants.  This graph shows the rate 
constants in the hyperpolarizing  region.  A  similar  graph  for ASW is  shown 
in  reference  20.  However,  the  two  graphs  are not strictly comparable.  The 
ASW  data  were  taken  for repolarizations  of an  axon  from  a  depolarized 
command  voltage back to some hyperpolarized voltage forwhich n(V1)  ~--O. 
When n(V1)  --- 0, equation  (2) reduces to: 
I  =  gK(gl  --  VK)n~(Vo) cxp [--4t/-r,(Vl)],  (4) 
a  single exponential whose rate constant is  )'~H  =  4/r,(V1).  In our case the 
n(V) curve appears to be shifted over by 30 my, so that  at voltages near  the 
ASW resting potential,  n(V1)  ~  0.5,  and  the transient  ought to be described 
as  the  polynomial  of exponentials  given  by  equation  (2).  By  theoretically 
determining  the best single exponential to fit this polynomial and  comparing 
with our experimentally  determined  single exponentials,  we can  obtain  cor- 
rected rate constants which are comparable to those for ASW. This procedure 
is equivalent to the more tedious process of fitting equation  (2) directly to the 
data,  because the experimental  points are virtually linear  on  a  semilog plot, 
as shown in Fig. 9. The corrected rate constants are shown as the stars in Fig. 
10.  A  detailed  comparison  of the shapes of our curve and  the ASW curve is 
not  possible because of the  crudeness  of this  correction.  However,  for  suffi- 
ciently  large  hyperpolarizing  voltages,  n(V1)  is  approximately  zero  for both 
cases, so that the correction need not be made and we may take T,  ~  4/~,~H • 
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the minima for the two different cases can be compared directly. This com- 
parison is shown in Table II, and provides further evidence that the voltage- 
dependent component of conductance is the same as the voltage-dependent 
potassium conductance for an unperfused axon in ASW. 
Thus,  there is good reason to identify the nonlinear process in  the squid 
axon in  isosmotic potassium with the potassium  "n"  process known for the 
squid  axon in  ASW.  But what is the linear component of current? For the 
axon in ASW, Hodgkin and Huxley (20) found a  small linear component of 
current which they call "leakage." Table I shows that, in most cases studied, 
the linear component of conductance, go, is approximately equal to the ASW 
leakage, shown in the table as gL • There are several exceptions in the table, 
but in view of the poorly understood nature of leakage, we did not try to study 
TABLE  II 
COMPARISON  OF  MINIMUM  RATE  CONSTANT 
FOR  TRANSIENT  POTASSIUM  CURRENTS  IN  ASW 
AND  ISOSMOTIC  KCI  (PERFUSED) 
Measured X  X/4  Tempera-  X/4 corrected to 
(Rate constant for n4)  (Rate constant for n)  ture  6°C 
No  internal  perfusion,  external 
ASW  (reference 20) 
°c 
1.3  msec  -1  0.33  msec  -x  20  0.057  msec  -1 
Internal KF,  external KCI  0.492 msec  -1  0.123  msec  -I  12.5  0.056  msee  "-1 
these exceptions in detail.  However, it seems reasonable to identify go as the 
leakage current.  Furthermore, the table shows that this leakage component 
does not vary much with changing external potassium concentration, and that 
it is increased by lowering the divalent ion concentration. These two observa- 
tions are in agreement with the work of Adelman and Taylor (21)  on ASW 
leakage. 
We  have  shown  how  the  currents  observed  for perfused axons  in  isos- 
motic potassium can be related to the "n  4"  and leakage currents of unper- 
fused axons in ASW. Two other effects on the potassium currents of unperfused 
axons in ASW should be considered, the shift of the conductance curve along 
the voltage axis when Ca ++ concentration is varied and the long time-constant 
potassium inactivation process. 
Frankenhaeuser and Hodgkin (1 l) have suggested that the potassium con- 
ductance-voltage curve shifts along the voltage axis when the external calcium 
concentration is changed. A shift of the negative resistance region with change 
in  external  calcium  concentration  does  indeed  occur  (18).  However,  the 1514  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  -  VOLUME  5 °  •  i967 
diminution of the negative resistance bump for the perfused axon cannot be 
explained by such a  shift alone. 
Ehrenstein and  Gilbert (2)  have observed a  voltage-dependent slow potas- 
sium inactivation for the unperfused squid axon. We have observed qualita- 
tively similar  effects in  the  perfused squid  axon.  This effect may cause our 
current-voltage curves to be slightly in error, but as indicated in reference 2, 
these errors are quite small as long as the large hyperpolarizing pulses are the 
last ones measured. 
In terms of the foregoing analysis, the divalent cations have two effects on 
the potassium current in the perfused squid axon: they are necessary for the 
negative resistance,  and  they decrease the leakage. 
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